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1ABSTRACT
Correlations between low-frequency climate oscillations and East Coast Winter 
Storm location are explored using the Hirsch et al. (2001) definition of ECWS and NCEP 
Reanalysis data. Relevant climatic factors are identified, and comparisons are drawn in ECWS 
geographic frequency between significant positive and negative phases of these climate 
oscillations through an automated procedure. It is found that the Multivariate ENSO Index, the 
North Atlantic Oscillation, the Arctic Oscillation, and the Pacific Decadal Oscillation are 
significantly correlated to ECWS frequency at specified grid points along the East Coast. 
Furthermore, it is apparent that select modes of these climate oscillations have a more profound 
effect on ECWS frequency than others: A positive ENSO keeps storms on a more southerly 
route; A negative NAO and AO confine storms to the mid- and north coast; and a negative PDO 
moves storms to the north. Maps of average 500 mb heights during these storm days are created 
and sorted by sign and magnitude of climate index, and aid to an explanation of storm motion 
through temperature and height gradients as well as trough axis position.
21. Introduction
Understanding the intensity, frequency, and movement of coastal storms along the 
Eastern Seaboard has become a growing concern for forecasters and climatologists alike. With 
the exclusion of the anomalously warm and storm-free East Coast 2011-2012 winter, property 
damage and flooding events as a direct result of these storms seem to be increasing annually 
(Mather et al., 1964; Colle et al., 2010). While storm intensity and frequency have been 
correlated with periodic climate oscillations and changes in sea surface temperatures (Hirsch et 
al., 2001; DeGaetano, 2008), the movements and variable locations of these storms have not 
been as thoroughly reviewed, which is the purpose of this study.
East Coast Winter Storms, colloquially referred to as “Nor'easters”, are coastal 
cyclones that originate from many geographic locations within and outside of the United States 
and in conjunction with a variety of atmospheric and oceanic processes (Colucci, 1976; Mather 
et al., 1964). The majority of these storms will eventually reach the Mid-Atlantic and Northeast 
United States and Canada, often with devastating effects on coastlines, local residents, and 
ecosystems (Zhang et al., 2000). Major coastal cities like New York have experienced an 
increase in flooding events due to rising sea levels that, when coupled with these storms, can shut 
down commerce and transportation (Colle et al., 2010). Figure 1 is a plot of the average position 
of ECWS by year showing that within the time period, these storms were most commonly found 
in a narrow corridor bounded to the north by Cape Cod and to the south by the Delmarva 
Peninsula. 
Recent studies have found variations in the intensity and frequency of ECWS. 
Although Mather, et al. (1967) found a marked increase in the number of ECWS and Zishka and 
3Smith (1980) found a strong decrease in cyclones over the United States, more contemporary 
studies have concluded that there is little or no long term variation in the number of storms. 
Zhang et al. (2000) could not discern any long term trend in activity during the twentieth century, 
but noted yearly variations using tidal fluctuations as a proxy for storm impact. Utilizing the 
knowledge that major oscillations like the El Niño Southern Oscillation (ENSO) and North 
Atlantic Oscillation (NAO) have a noticeable effect on storms, Hirsch et al. (2001) and Tourre et 
al. (1999) found, through spectral analysis, similar peaks in storm frequency and intensity and 
sea surface temperature at similar 2, 4, and 10 year periods, respectively. Eichler and Higgins 
(2006) and DeGaetano (2008) discovered parallels between active ECWS seasons and strong 
ENSO cycles, and DeGaetano was able to sufficiently predict the intensity and frequency of 
ECWS in certain years. As has been suggested by these recent investigations, if storm frequency 
and intensity are associated with climate variation in the form of major oscillations, it follows 
that shifts in the placement and tracks of these storms might also be affected on a similar time 
scale.
2. Data and Methodology
In order to determine the positions of ECWS, it was necessary to distinguish these 
storms from others, recording relevant data including date and latitude and longitude of 
minimum central pressure as an identifier for storms. Using the same automated procedure 
developed by Hirsch, yearly lists of ECWS were created that satisfied the following 
classification requirements:
1. Have a closed circulation;
42. Be located within a quadrangle on the East Coast bounded at 45°N by 65°N at 
70°W and 30°N by 75°N at 85°W;
3. Show movement from the south-southwest to the north-northeast; and
4. Have winds greater than 10.3 ms
-1 (20 kt) during one 6-h period.
Additionally, these storms were only identified during the months of October to April. Sea level 
pressure and wind vector data, available on a 2.5 by 2.5 degree grid from the NCEP Reanalysis I 
dataset 1950-2010, were used in the construction of these annual ECWS lists. 
Climate index data were then retrieved from the Earth System Research Laboratory, 
a department of NOAA. Several indices were chosen based on prior use and study, including the 
Multivariate ENSO Index (MEI), North Atlantic Oscillation (NAO) index, Arctic Oscillation 
(AO) index, Pacific Decadal Oscillation (PDO) index, Southern Oscillation Index (SOI), and the 
Atlantic Tripole (ATLTRI) index. Index values are individually normalized and feature positive 
or negative values representative of the monthly averaged phase of each oscillation. 
In order to test the significance of each index on ECWS position, an automated 
procedure was scripted using MATLAB that compared monthly values of each index to the 
monthly frequency of ECWS at each grid point within the Hirsch box. The Pearson coefficient of 
correlation was computed at each grid point for each index, and the corresponding significance 
of each value calculated using: 
1. A standard Student's T-Test for correlation, given by:
t=r 
[
n−2
1−r
2
] ; and
2. The Fisher Z Transformation given by Wilks (2006):
5z=1
2
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    where r is the Pearson correlation coefficient and n is the sample size.
Grid points at the 95% significance level or above were accepted and all others rejected. It was 
found that the T-Test yielded fewer significant grid points at the 95% level, and so was slightly 
more selective. The T-Test gave four indices with grid points significantly correlated to the 
occurrence of ECWS: MEI, NAO, AO, and PDO. These indices were retained for further 
analysis while the others were disregarded for this study. Figures 2(a)-2(d) show the values of 
these correlations and the significant grid points.
To understand the effect that each individual index has on ECWS position, these 
indices were compared on a monthly basis from 1950 to 2010 and significant values selected. 
The 90% level of significance was chosen to include a larger sample size for comparison of the 
data. Since each of the four indices was normalized to a long-term average, a value of +/- 1.65 
was significant at the 90% level. In order to be selected, the index had to be the only significant 
value during that month to eliminate combined effects from multiple strong indices. When 
significant values of each index were found, they were then sorted by sign (positive or negative). 
From this, a list of 'extreme' climate index values was created. ECWS locations 
within the Hirsch box were then retrieved for individual months with extreme positive and 
negative values of MEI, NAO, AO, and PDO, plotted, and the frequencies contoured. Figures 3-
10(a) show these maps.
Upper air patterns have been strongly tied to ECWS intensity and motion (Chan et 
al., 2003). As an aid in interpreting the differences between the extreme value figures, the 500 
mb heights on ECWS storm days during the same extreme values of each index were retrieved 
6from NCEP Reanalysis I data. The heights were averaged over all storm days, and the averages 
and standard deviations of heights were plotted. Figures 3-10(b) show the results of these plots.
3. Results and Discussion
a. Multivariate ENSO Index (MEI)
Teleconnections between El Niño and midlatitude cyclones have been studied 
previously. MEI attempts to measure the phase and magnitude of ENSO, with positive (negative) 
values corresponding to the warm-pool El Niño (cold La Niña) phase. MEI was chosen because 
it considers sea level pressure, zonal and meridional wind components, surface air temperature, 
and total cloudiness in addition to sea surface temperature (Wolter and Timlin, 1993). 
Some studies have shown few, if any, ties between New England winter climate 
variability and the Southern Oscillation (Hartley and Keables, 1998). However, others like 
Bradbury et al. (2003) have found a significant correlation, with the southern East Coast 
receiving more precipitation and an increase in relative frequency of ECWS during positive-
phase (El Niño) winters. Frankoski and DeGaetano (2010) associated above-average 
precipitation from ECWS in southern New England and the Mid-Atlantic with El Niño. Eichler 
and Higgins (2006) concluded that a negative ENSO, also referred to as 'La Niña', resulted in a 
poleward (northward) shift in storm tracks relative to a positive ENSO phase. Hirsch et al. 
(2001) found a significant increase in ECWS during strongly positive ENSO years. 
The results of this study concur with the previous findings of Eichler and Hirsch: the 
map of correlation in Figure 2(a) shows a dipole off the Hatteras coast with a strong region of 
7positive correlation to the  north and negative to the south. During a negative ENSO (La Niña), 
there is a visibly northward shift of maximum ECWS frequency into the Gulf of Maine, while a 
positive ENSO shows a more southerly but meridional track with nearly twice as many storms 
(24, versus 12 during La Niña). In fact, the center of maximum frequency seems to occur off the 
coast of New Jersey, approximately 300 km south of Cape Cod. These results can be found in 
Figures 3-4(a).
Analysis at the 500 mb level (Figures 3-4(b)) also shows distinctive patterns in the 
positive and negative phases of ENSO. During storm days in a positive-phase month, 500 mb 
heights are higher, the trough axis more positively-oriented, and the trough more shallow. Winds 
aloft are stronger and the trough more advanced during a La Niña, however, suggesting that 
negative-phase storm motion will be faster, more to the north, and have a stronger zonal 
component. The 500 mb differences in Figure 11(a), calculated as height values in a positive 
phase minus those in a negative phase, suggest enhanced northward troughing in an El Niño and 
a heightened longitudinal gradient along the northeast coast consistent with the results of Li and 
Lau (2012). 
b. North Atlantic Oscillation (NAO)
The NAO is often regarded as the most important pattern for climate variability in 
the northeast United States (Hartley and Keables, 1998). Calculated using Rotated Principal 
Component Analysis in the manner of Barnston and Livezey (1987), the NAO compares the 
magnitudes of 500 mb height anomalies over the Icelandic Low and the Bermuda-Azores High. 
Rogers (1997) found a maximum in winter storm track variability due to the influence of the 
8NAO in the northeast Atlantic Ocean. However, its effects are not limited to the east Atlantic, as 
it regularly impacts the motion of ECWS on the US East Coast (Hartley and Keables, 1998; 
Bradbury et al., 2003). A negative phase sets up a blocking pattern east that advects cold air far 
south and drives storms in a more meridional direction, resulting in more storms and greater 
precipitation observed in the New England region. Conversely, a positive phase indicates a 
stronger height anomaly, generating more zonal flow and resulting in fewer and faster-moving 
zonal storms. Li and Lau (2012) found a relationship between ENSO and the NAO in which El 
Niño tended to coincide with a negative NAO in late winter, perhaps further enhancing or 
accounting for more meridional motion.
Figure 2(b) shows the NAO correlation map, and Figures 5-6(a) show comparisons 
of ECWS frequency during periods of strong positive and negative NAO. Similar to findings of 
previous studies, a positive phase leads to fewer storms located further south, off the coast of 
Cape Hatteras, North Carolina. The negative phase exhibits a wider region of much stronger 
correlation, and storms are contained along the eastern seaboard and shift northwards into coastal 
New England and the Gulf of Maine. Although not controlled for the frequency of positive and 
negative phase events, there is a large difference between the number of storms during the two 
periods: the count of negative phase NAO ECWS is almost double that of the positive phase. 
Additionally, the abundance of negative correlations and lack of positive numbers seems to 
indicate that a negative NAO has a more dominating effect on ECWS location.
There are also several unique differences seen in the average upper air patterns 
between the two opposite phases. The weak, low-precipitation positive NAO shows higher 
heights at 500 mb and a weaker height gradient than the negative phase map (Figures 5-6(b)). A 
9jet entrance region, an area of cyclolytic convergence aloft, appears near the coast of Nova 
Scotia. The negative phase exhibits lower heights, a steeper gradient, and a jet exit region just 
south of New England, which, in combination with locally warm Gulf Stream sea surface 
temperatures, could provide the the moisture and heat flux and divergence necessary for coastal 
cyclone intensification. The 500 mb differences (Figure 11(b)) show a generally higher and 
steeper north-south height field in a positive NAO, suggesting storm motion will remain much 
more zonal.
c. Arctic Oscillation (AO)
The Arctic Oscillation is characterized by height anomalies over the Arctic that 
signify the strength of the stratospheric polar vortex. Lorenz (1951) was the first to identify the 
oscillation by finding correlations in 5-day averaged sea level pressure at different latitudes in 
the northern hemisphere. Kutzbach (1970) performed an eigenvalue analysis with similar 
findings that suggested a seesaw exchange in SLP; the period of the oscillation was also 
observed to be 2-3 years. Through empirical orthogonal function analysis, Thompson and 
Wallace (1998) found the AO not only correlated with middle tropospheric heights but also with 
50 mb heights, and hypothesized that surface pressure was an indicator of the polar vortex aloft, 
although the origins of the pattern were still unclear. The magnitude of polar height anomalies, 
normalized to a long term average, creates the AO index. A positive phase indicates lower than 
normal heights over the pole, which in turn creates a steeper gradient and stronger westerlies, 
minimizing Rossby waves and keeping storm tracks confined to a narrower zonal band. A 
negative phase is indicative of above normal heights and weaker westerlies aloft, providing the 
10opportunity for stronger cold air outbreaks to reach into the United States and produce more 
northerly and meridional storm tracks.
Figure 7-8(a) shows frequency maps of ECWS in both positive and negative AO 
phases and the corresponding average 500 mb heights found in this study. As has been suggested 
previously, the positive phase keeps storms tracked to the north due to a strong zonal jet stream, 
the base of which is visible at 500 mb. The difference map (Figure 11(c)) highlights this northern 
jet, displaying a stronger height gradient over the Northeast US and Canada in the positive phase. 
The negative phase ECWS frequency map shows a much wider region of storm locations along 
the coast. Here, the 500 mb trough is deeper and heights are lower than during a positive AO, 
suggesting a more meridional coastal track for storms (Figures 7-8(b)).
Ambaum et al. (2001) found that although the AO is the largest component in EOF 
analysis of sea level pressure in the North Atlantic, it is less predictable than the NAO. Even 
though both change with different periods, they most often tend to occur in phase, which led to 
similar results of storm tracks between both oscillations. During a negative phase, when both 
direct storms in a more meridional direction, the patterns of 500 mb height troughs and ECWS 
frequency nearly parallel each other between the NAO and AO. Figure 2(c) shows the AO 
correlation map. A large cluster of negatively correlated grid points seems to suggest that, like 
the NAO, the AO has a more decisive influence in its negative phase.
d. Pacific Decadal Oscillation (PDO)
The PDO was first brought to light by Mantua et al. (1997), who discovered a pattern 
of ocean-atmosphere variability in the North Pacific that, although correlated to ENSO, took 
11place on a larger interdecadal time scale. Through tree-ring reconstructions, Minobe (1997) was 
able to find two significant spectral peaks in its occurrence, at 15-25 years and 50-70 years, 
while ENSO changes phase much more rapidly. Mantua did find that a warm-phase ENSO 
tended to coincide with a positive PDO, and vice versa. A positive phase referred to an 
anomalous cold pool in the north central Pacific, leading to a strong Aleutian low, a warm 
upwelling along the west coast of the United States, and above average 500 mb heights over the 
central US during the wintertime, with the reverse true for a negative phase. Similar to ENSO, 
the PDO has far-reaching teleconnections across to the Atlantic: Nigam et al. (1999) found 
significant correlations between PDO mode and East Coast precipitation. Mantua showed that a 
positive PDO correlated to higher precipitation in southern East Coast states, while a negative 
phase was correlated to higher precipitation in northern states and New England. 
The results of this study, shown in Figures 9-10(a), do not as clearly illustrate the 
findings of Mantua, but are worthy of comparison. The map of correlation (Figure 2(d)) presents 
a region of strong negative correlation stretching from Long Island into northern New England. 
Positive PDO values lead to a sharp center of ECWS frequency east of New Jersey, while 
negative values correlate to a larger region of frequency that extends further to the north and 
south, from Virginia to the Gulf of Maine. This is consistent with the results presented by 
Mantua, and also comparable to ECWS frequencies during corresponding values of MEI. 
However, the maps of average 500 mb heights during positive and negative PDO storm days 
(Figures 9-10(b)) are relatively indistinguishable from each other, with only subtle differences. 
The trough axis during periods of both positive MEI and PDO is shifted further to the west than 
during periods with negative values. The difference map (Figure 11(d)) is also inconclusive, 
12simply suggesting that 500 mb heights in the region are only slightly lower during a positive 
phase.
4. Conclusion
An automated procedure was used to correlate index values of major low-frequency 
climate oscillations with storm position data created by the Hirsch ECWS interpretation of 
NCEP Reanalysis data. Strong values of significant indices were selected, and storm positions 
and 500 mb heights during these times were plotted to examine patterns of storm location and 
motion that could be attributed to these climate factors. Although similar in some ways, 
comparisons between positive and negative values of each index revealed unique differences in 
storm location and apparent movement and similarly distinctive characteristics of the 500 mb 
westerly pattern, summarized in Table 1. 
An analysis of these features also revealed links between certain phases of these 
oscillations. While ENSO and the PDO have shorter and longer periods, respectively, they tend 
to share a common phase. In this case, because ENSO directs storms southward in a positive 
phase and PDO directs them to the north, when both are cophasal, their effects on ECWS may be 
minimized. Likewise, the NAO and AO most often tend to occur in phase. Although the positive 
phases of the NAO and AO direct ECWS to the south and north on the East Coast, respectively, 
when both occur in the negative phase the effect seems to be enhanced, with a large region of 
high storm frequency enveloping the Atlantic from the Mid-Atlantic states through northern New 
England.
From the strength of correlation between ECWS frequency and climate index 
13magnitude, it is also possible to interpret what seems to be an unbalanced influence of one phase 
over the other. The MEI has an area of strong positive correlation, with several grid points 
significant at the 95% level, and few regions of negative correlation. Contrastingly, the PDO has 
a majority of significant grid points negatively correlated with the occurrence of ECWS, 
suggesting that the negative phase has a strong influence on the East Coast. The negative phase 
of the AO also appears to be its dominant cycle, as shown by an abundance of significantly 
correlated negative grid points, which leads to a northerly shift in ECWS. Lastly, the NAO, 
which has been described as the predominant force on East Coast winter weather, is weakly 
negatively correlated with only a handful of grid points found significant.
Overall, these conclusions tend to agree with the consensus of prior research on 
storm motion influenced by major climate oscillations and downscale these effects to an East 
Coast winter season. It is apparent that each significant index seems to have an impact on 
frequency and location of ECWS; however, given the long interdecadal time scale that is the 
primary characteristic of the PDO, the similar results between positive and negative phases may 
be due to the temporal length of ECWS data, which is only 60 years. Nonetheless, it is clear that 
some factors play a more important role than others.  Further study and experimentation into this 
uneven balance would be helpful in providing more accurate seasonal and short-term winter 
forecasts along the US East Coast.
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17Tables and Figures.
Table 1. 
Strongest 
magnitude of 
correlation
Center of 
maximum 
frequency
Trough axis 
longitude at 
40N
Trough axis 
height at 40N 
(m)
Trough axis 
orientation
Positive MEI 0.12 43N 70W 85W 5530 positive
Negative MEI -0.04 39N 70W 80W 5510 neutral
Positive PDO 0.01 39N 70W 87.5W 5500 positive
Negative PDO -0.07 40N 70W 82.5W 5520 neutral
Positive NAO 0.03 35N 72.5W 80W 5650 neutral
Negative NAO -0.06 40N 70W 85W 5480 positive
Positive AO 0 >44N 67.5W 85W 5520 positive
Negative AO -0.09 39N 72.5W 82.5W 5450 negative
18Figure 1. Mean East Coast Winter Storm locations calculated by averaging latitude and longitude 
positions yearly for all storms identified by the Hirsch et al. (2001) procedure, 1948-2010.
19Figure 2. Pearson correlation coefficients relating monthly ECWS frequency to monthly values 
of selected climate indices at each grid point. Black squares represent grid points significantly 
correlated at the 95% level.
2a.
2b. 
202c.
2d.
21Figure 3a. ECWS positions during periods of significantly positive MEI values (El Niño). If a 
storm occurred during this period, its entire track through the Hirsch box is included.
Figure 3b. 500 mb heights averaged over days with significantly (90% level) positive MEI 
values in which an ECWS was recorded, 1950-2010. Contours are heights in geopotential 
meters.
22Figure 4a. ECWS positions during periods of significantly negative MEI values (La Niña). If a 
storm occurred during this period, its entire track through the Hirsch box is included.
Figure 4b. 500 mb heights averaged over days with significantly (90% level) negative MEI 
values in which an ECWS was recorded, 1950-2010. Contours are heights in geopotential 
meters.
23Figure 5a. ECWS positions during periods of significantly positive NAO values. If a storm 
occurred during this period, its entire track through the Hirsch box is included.
Figure 5b. 500 mb heights averaged over days with significantly (90% level) positive NAO 
values in which an ECWS was recorded, 1950-2010. Contours are heights in geopotential 
meters. 
24Figure 6a. ECWS positions during periods of significantly negative NAO values. If a storm 
occurred during this period, its entire track through the Hirsch box is included.
Figure 6b. 500 mb heights averaged over days with significantly (90% level) negative NAO 
values in which an ECWS was recorded, 1950-2010. Contours are heights in geopotential 
meters. 
25Figure 7a. ECWS positions during periods of significantly positive AO values. If a storm 
occurred during this period, its entire track through the Hirsch box is included.
Figure 7b. 500 mb heights averaged over days with significantly (90% level) positive AO values 
in which an ECWS was recorded, 1950-2010. Contours are heights in geopotential meters. 
26Figure 8a. ECWS positions during periods of significantly negative AO values. If a storm 
occurred during this period, its entire track through the Hirsch box is included.
Figure 8b. 500 mb heights averaged over days with significantly (90% level) negative AO values 
in which an ECWS was recorded, 1950-2010. Contours are heights in geopotential meters. 
27Figure 9a. ECWS positions during periods of significantly positive PDO values. If a storm 
occurred during this period, its entire track through the Hirsch box is included.
Figure 9b. 500 mb heights averaged over days with significantly (90% level) positive PDO 
values in which an ECWS was recorded, 1950-2010. Contours are heights in geopotential 
meters. 
28Figure 10a. ECWS positions during periods of significantly negative PDO values. If a storm 
occurred during this period, its entire track through the Hirsch box is included.
Figure10b. 500 mb heights averaged over days with significantly (90% level) negative PDO 
values in which an ECWS was recorded, 1950-2010. Contours are heights in geopotential 
meters.  
29Figure 11. 500 mb height differences (positive phase minus negative phase) of the storm troughs 
of all four indices during storm days in months with significant values of that index. Computed 
using the data represented in Figures 3(b)-10(b).
Figure 11(a). MEI Index.
Figure 11(b). NAO Index.
30Figure 11(c). AO Index.
Figure 11(d). PDO Index.
31